Summary. We identified a Norwalk-like calicivirus (CV) whose genome likely was derived from naturally occurring recombination. This strain (Arg320) was detected by the EIA developed against recombinant Mexico virus (rMxV) capsids, but the viral RNA polymerase sequence was closer to Lordsdale virus, in a separate genetic cluster of Norwalk-like viruses. A 3.3 kb cDNA from the RNA polymerase region to the 3 end of the genome of Arg320 was cloned and sequenced. The sequence demonstrated that the capsid region of Arg320 shared 95% amino acid identity with MxV, but 68% identity with Lordsdale virus, while the RNA polymerase region shared 95% identity with Lordsdale virus, but 87% identity with MxV. Pair-wise sequence comparisons identified a potential recombination site at the polymerase/capsid junction. This is the first example of a naturally occurring recombinant in the CV family. Further studies to search for and characterize other strains may be necessary for understanding the genetic diversity of the family.
Introduction
Caliciviruses (CVs) are single-stranded, positive-sense RNA viruses that are closely related to picornaviruses. Four CV genera have been described, including "Norwalk-like viruses", "Sapporo-like viruses", Vesivirus, and Lagovirus [1] . CVs are genetically diverse but share a common genomic organization. All CVs have at least three genes, from 5 to 3 being a nonstructural polyprotein, a capsid gene, and a small protein of unknown function. In Sapporo-like viruses and Lagoviruses, the capsid gene is fused to the non-structural gene and most Sapporolike viruses have an additional small ORF overlapping the capsid gene [10, 11, 19] .
CVs share amino acid motifs with picornaviruses but have a different genomic organization. The capsid gene of CVs is switched in its 5 -3 position in the genome compared with that of picornaviruses [10, 11, 19] , suggesting the two families might derive from one another by recombination. RNA recombination has been shown to occur in animal hosts by recovery of recombinant polioviruses from vaccinees [14, 15] , however, the frequency of such recombination in nature remains unknown. RNA recombination has been suggested among CVs [5] , but direct evidence remains lacking.
In this study, we describe a human CV (HuCV) whose genome likely was derived from recombination. A continuous genomic fragment spanning the RNA polymerase region to the 3 end of the genome was sequenced and the sequence demonstrated that the RNA polymerase and capsid genes of the strain shared closest sequence identities with distinct HuCV genetic clusters. Sequence alignment also suggested a potential recombination site.
Materials and methods

Stool specimens
Stool specimens from children hospitalized with diarrhea in Mendoza, Argentina, were collected in 1995 (3) . A subset of 150 stool specimens that were negative for rotaviruses was selected for testing of HuCVs by recombinant EIAs and RT-PCR. Stool specimens were kept at −20
• C before testing.
Detection of viral antigens in stool specimens by recombinant EIAs
EIAs specific for detection of Norwalk virus (NV) and Mexico virus (MxV) based on hyperimmune antisera against baculovirus-expressed recombinant NV (rNV) and MxV (rMxV) capsid proteins were used for detection of viral antigens in stool specimens [8, 9] . A positive result was defined by a P/N ratio ≥ 2.0 between the OD values in the wells coated with pre-immunized vs post-immunized hyperimmune antisera in each assay.
Detection of viral RNA by reverse transcription-polymerase chain reaction (RT-PCR)
Viral RNA was extracted from stool specimens using the Trizol method (GibcoBRL, Grand Island, NY). RT-PCR was performed to detect two regions of HuCV genomic RNA. The first RT-PCR used primers NV36/51 (8) to amplify the RNA-dependent RNA polymerase. The second RT-PCR used primer NV36 and oligo-dT to amplify a 3.3 kb cDNA fragment from the RNA polymerase region to the 3 end of the genome. Both RT-PCR used similar conditions except the RT-PCR for a long product (>3 kb) used a long (3-5 min) extension time [10] .
Cloning and sequencing RT-PCR products
Viral cDNA fragments with expected sizes determined by agarose gel electrophoresis were cloned into pGEM-T (Promega, Madison, WI). For sequencing the cDNA (400 bp) amplified by primer pair NV36/51, the reverse and forward primers flanking the cDNA in the plasmid vector were used. Multiple steps were used to determine the sequence of the entire 3.3 kb cDNA. The end sequences of the cDNA were determined using the same forward and reverse primers. Internal sequences were determined using subclones generated by restriction enzyme digestion and re-ligation when convenient restriction enzyme sites were available. The remaining sequences of the cDNAs were determined by genomic walking with primers based upon newly obtained sequences adjacent to those regions. All sequences were confirmed by sequencing from both strands and at least twice.
Sequence analysis of cloned viral cDNAs
The sequences of the cloned viral cDNA were analyzed using PC/GENE software, version 6.90 (IntelliGenetics, Mountain View, CA). Multiple sequence alignment and a dendrogram predicting genetic relationships were generated using the CLUSTAL program, based upon the method of Higgins et al. [7] . Pair-wise sequence comparison between different strains was performed manually on the alignment and numbers of sequence identities between strains were calculated in a moving frame of 25 nt. Sequences used in the analysis included Lordsdale virus (X86557) and the MxV (U22498) from the GenBank. The RNA polymerase sequences of additional strains were derived from either the GenBank or our database. The GenBank sequence number for strain Arg320 is AF190818 for the RNA polymerase region and AF190817 for the 3.3 kb cDNA at the 3 end of the genome.
Results
Identification of a group of HuCVs potentially being natural recombinants
In the collection of diarrhea stools from children in Mendoza, seven (5%) stool specimens from seven hospitalized children were positive for HuCVs by the rMxV EIA and by RT-PCR with RNA polymerase region primers. None of the seven specimens was positive by the rNV EIA. Sequence analysis of the RT-PCR products showed that the seven strains belonged to two genetic clusters of Norwalk-like viruses, containing the prototype Snow Mountain virus (SMV, 2). Two of the seven strains belonged to the MxV cluster and the other five belonged to the Lordsdale cluster. The two MxV-like strains revealed 95% nucleotide and amino acid identities with the prototype MxV. The five "Lordsdale like" strains showed 85% nt identity with the prototype Lordsdale virus, but only 75% nt identity with MxV. In our previous studies of HuCV variation, if a strain was positive by the rMxV EIA, it usually shared a high sequence identity (>95%) in the RNA polymerase region with the prototype MxV. We hypothesized the five "Lordsdale-like" strains might be recombinants.
Characterization of the potential recombinant by cloning and sequencing both the RNA polymerase and capsid genes
One Mendoza stool (Arg320) containing a "Lordsdale-like" virus was selected to clone a cDNA from the RNA polymerase region to the 3 end of the genome. A 3.3 kb cDNA was amplified using a one-step RT-PCR with primer NV36 and oligo-dT. The cDNA then was cloned and sequenced. To ensure the sequence was not derived from contamination by another virus, the two ends of the cDNA were re-sequenced on purified plasmid DNAs from a single bacterial colony. Sequences identical with previously determined sequences at the two ends were obtained from the re-sequencing. The resulting sequence contained 3 312 bp plus a poly-A tail and revealed typical HuCV genomic features. There was no sequence match in the GenBank or in our library of unpublished CV sequences.
Sequence alignment of Arg320 with MxV and Lordsdale virus
Sequence alignment of the 3.3 kb Arg320 cDNA with corresponding regions of MxV and Lordsdale virus showed that Arg320 shared 86% and 71% nt identities with MxV and Lordsdale virus, respectively, however, the relative sequence identities differed between the RNA polymerase and capsid sequences. The capsid region of Arg320 shared high (95%) aa identity with MxV, confirming the rMxV EIA result, but low (68%) identity with Lordsdale virus. The RNA polymerase region of Arg320 shared high (95%) aa identity with Lordsdale virus, but lower (87%) aa identity with MxV. Multiple sequence alignment of the capsid sequences placed Arg320 in the MxV cluster, but multiple sequence alignment of the RNA polymerase genes placed it in the Lordsdale cluster (Fig. 1) . 
Pair-wise sequence comparison between Arg320, MxV, and Lordsdale virus
To localize the potential recombination site and to understand a possible recombination mechanism, we performed pair-wise sequence comparisons between Arg320, MxV, and Lordsdale virus. The plotted relative nt identities showed that Arg320 shared a constantly low level of sequence identity in the RNA polymerase region and a constantly high level of nt identity in the capsid region with MxV, and a constantly high level of sequence identity in the polymerase region but a constantly low level of nt identity in the capsid region with Lordsdale virus. A single cross of the two curves was observed at the ORF1/capsid junction (Fig. 2) . The identity levels found in the capsid genes extended to ORF3 and the 3 noncoding region. When MxV and Lordsdale virus were compared, no significant change of sequence identity between the RNA polymerase and capsid regions was observed and the curves did not cross with the two curves described above (Fig. 2) . Although MxV and Lordsdale virus shared 70% nt identity over the 3.3 kb cDNA, a small region with significantly higher nt identity was observed around the ORF1/capsid junction (Figs. 2 and 3 ). This highly conserved region starts at nt 750, 103 nt upstream from the capsid, and ends at nt 875, including 23 nt of the capsid gene. Of 126 nt in the region, 116 (92%) were identical between the two (Fig. 3) . Additional features of Arg320's genome revealed different relationships with MxV and Lordsdale virus. For example, the capsid protein of Arg320 (548 aa) was larger than that of Lordsdale virus (539 aa), but was the same as that of MxV (Fig. 4) . Two identical deletion/insertion regions were identified in the capsid gene of Arg320 and MxV, but not for Lordsdale virus. ORF3 of Arg320 also had the same size (252 aa) as that of MxV, which is smaller than that of Lordsdale virus (276 aa). One deletion/insertion was identified in ORF3 of MxV and Arg320, but not for Lordsdale virus.
Discussion
This study describes a HuCV strain that likely was derived from naturally occurring recombination. The viral RNA polymerase gene shares closest sequence with one HuCV strain but its capsid gene shares closest sequence identity with another HuCV strain. Spontaneous point mutation would not result in such sequence changes between two regions next to each other in a genome. The cDNA used to obtain the sequence was generated from one RT-PCR reaction covering the entire region. Therefore, the cDNA was from a single virus, not from multiple viruses due to contamination or dual infection of the child. The sequences of both ends of the cDNA were confirmed by simultaneously sequencing of purified cDNA from a single bacterial colony, excluding the possibility of contamination during the sequencing. Finally, the two potential parental strains are in the range of genetic diversity among strains currently co-circulating [4, 20, 24, 25] , therefore, the recombination event could have occurred recently, but not necessarily during the infection of this child.
Naturally occurring recombination of HuCVs was suggested when the capsid and RNA polymerase regions of SMV were characterized [6] . The capsid nucleotide sequences of SMV and Melksham virus (MeV) were almost identical (94%) but the RNA polymerase sequence were significantly different (79%). When MeV was compared with MxV and a Japanese strain, Oth-25, there seemed no significant difference of sequence identities between the capsid and RNA polymerase regions. Therefore SMV likely is a recombinant virus. However, the capsid and RNA polymerase region amplicons of SMV were generated separately and that fact does not exclude the possibility of different source of strains, which was not the case for Arg320 described in this study.
The change of relative sequence identity occurred at the ORF1/capsid junction, indicating the recombination site occurred in this region. This site also is suggested to be the break and rejoin site between caliciviruses and picornaviruses, although direct evidence of recombination between the two families remains lacking. The high sequence conservation in the ORF1/capsid junction among the two strains representing the putative parent strains and the putative recombinant suggests the recombination might be driven by homologous RNA interaction. The "copy choice" model of RNA recombination has been preferred for singlestranded RNA viruses, including picornaviruses and coronaviruses [2, 13, 17, 18, 21, 23] . Co-infection of different HuCV strains in one patient has been observed in our surveillance of HuCV-associated outbreaks of acute gastroenteritis in Virginia [12] and mixed infection of multiple strains in one outbreak has been reported [5] . Therefore, high sequence conservation would increase the interaction between RNA molecules from different strains and recombination could occur as a result of such homologous interaction. In the copy-choice model, recombination could occur during RNA replication with the involvement of viral RNA polymerase, which may switch templates of two different strains at the highly conserved region of the gemomes of the two strains.
CVs contain subgenomic RNA that covers the entire 3 end of the genome from the capsid gene to the 3 end. Therefore, the CV subgenomic RNA could act as an independent unit participating in the recombination event. It remains unclear how CV subgenomic RNA is involved in virus replication, but it is clear that both CV genomic and subgenomic RNAs share highly conserved 5 end sequence and both RNAs are assembled into virions. The high conserved 5 end of the subgenomic RNAs between MxV and Lordsdale virus also is included in the highly conserved ORF1/capsid region. Therefore, interaction between genomic and subgenomic RNAs could occur by the same mechanisms as that of genomic-genomic interaction, which would significantly increase the chance of recombination events that otherwise result only from genomic-genomic RNA interaction. Furthermore, because both genomic and subgenomic RNA are assembled into virions, co-infection of different strains may result in reassortment of different genomic RNAs from different strains, as found in the influenza virus [26] , which could result in recombination in future generations, although direct evidence of reassortment of CV RNAs remains lacking.
Although recombination was predicted to occur at the ORF1/capsid junction, the precise recombination site was difficult to pinpoint because of the high conservation in this region between the two strains representing putative parents. Furthermore, because the putative recombination event may be predicted to have occurred in this part, the sequences at both sides of the recombination site of the progeny strain may have changed since the recombination event due to naturally occurring point mutations. The parent strains also would have changed due to the same mechanism. Thus, we may never observe 100% sequence identity of corresponding regions that would identify the parent strains. Because the potential recombination event described in this paper may have occurred recently, the sequences adjoining the potential recombination site maintained a high level of identity, which allowed us to identify the recombinant. It would not be difficult to imagine many CV strains that currently are circulating could have derived from recombination events in the remote past. The existence of a recombinant within the CV family also provides understanding of the relationship between picornaviruses and caliciviruses which belong to a superfamily [22] that probably was divided into two families by recombination.
This study extends our knowledge of the genetic diversity of CVs. If the RNA recombination described in this study is a common phenomenon, we would see more diversity of the family, which would make genotyping more difficult. For example, many reports on CV genotyping have been based upon sequences of the RNA polymerase region, due to its relatively high sequence conservation and ease of designing PCR primers. In comparison, only a few capsid genes have been characterized. The viral capsid protein is responsible for antigenicity and possibly protective immunity. Genotying of CVs based upon the RNA polymerase sequences clearly is not the best choice if ORF1/capsid gene recombination is common. In addition, it remains unclear whether additional recombination sites exist. Continued searches for Arg320-like and other recombinant strains are necessary.
The significance of this study has been emphasized by the occurrence of another four strains in Mendoza that are apparently similar (sharing >98% amino acid sequence identities in the RNA polymerase region with Arg320) and by a recent identification of an Arg320-like strain in an outbreak of gastroenteritis in Virginia [12] . These findings indicate that such recombinants are genetically stable, are still circulating, cause illness, and possibly have a wide distribution. The fact that strains similar to both putative parents of the recombinant are currently co-circulating not only allowed us to identify the recombinant, but also provide indirect evidence that natural recombination is still occurring. In another words, if the parental strains had less survival advantage than the recombinant and the recombination event occurred long ago, we would not be able to recognize the recombinant because representatives of the parental genetic clusters would no longer exist. Therefore, molecular recombination could markedly increase the genetic diversity of currently circulating strains in the CV family.
